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Introduction
The utilization of robotic technology in operating room has advanced the minimally invasive surgery (MIS) with more accurate manipulation, increased operation dexterity and enhanced visualization of the operative site. In most robotic-assisted MIS procedures, the system is designed in master-slave teleoperation way. Teleoperation has extended operator's capability to perform tasks in remote manner, and has benefited many applications such as in telesurgery [1] , medical simulation [2, 3] , space exploration [4] , nuclear plants [5] , underwater vehicles [6] and others [7] . In the scenario of robotic-assisted MIS, the surgeon sits at the master console to perform the surgical procedures by manipulating the slave robot(s) which is/are equipped with various clinical instruments, such as endoscopes, blunt and sharp dissectors, scalpels, and forceps etc. The roboticassisted MIS has numerous advantages such as reduced trauma, shorter hospital stay time and less complication, etc. [10] [11] [12] [13] [14] . Despite the significant developments of roboticassisted surgery (RAS), there are still many issues to be further investigated, such as haptic feedback (force and tactile) which is missing in most current surgical robotic systems. Without haptic feedback, the operation may be limited as the surgeon cannot feel accurate force applied to the operative environment [15] . As a consequence, the surgeon may exert unexpected force on the patient organs, which could cause serious safety issues for the RAS [16] . Bilateral teleoperation is introduced in RAS in order to provide force feedback to the operator [17] [18] [19] .
In general bilateral teleoperation systems, the operator manipulates a master or haptic device, and the generated position and/or force information from the master is sent to the slave robot through the communication channel. Then the slave robot manipulates the remote object or interacts with the environment and sends back the position and/or sensed contact force back through communication channel to the master for the operator's perception. Generally, bilateral teleoperation system can be considered as coupling together the subsystems: operator, master, communication channel, slave and environment. Position/velocity and force information are exchanged between each subsystem to realize bilateral teleoperation tasks. However, it is not straightforward to integrate force feedback into current RAS systems. The main factor that hinders this application is the limitations of the haptic/force sensor development which requests: (a) repeatability; (b) reliability; (c) speed of sensing; (d) response with static and dynamic; (d) size (limited to about 10mm in diameter for small port insertion); (e) sterilizability (using at least one commonly used sterilization method); (f) biocompatibility or with a protective sheath and (g) low cost, etc [20, 21] . The Da Vinci system provides surgeons with haptic feedback by utilizing sensory substitution to display the information through visual cues without using physical force sensors. It has been until very recently that the first commercial RAS system, the Senhance Surgical Robotic System by TransEnterix, with real force feedback thanks to its new unique force sensing system earned both FDA and CE marking approvals.
For safe and accurate bilateral teleoperation, stability and transparency are two essential features from control design point of view [7] . Stability means that the closed loop teleoperation system should maintain stability and be irrespective of the communication time delay, uncertainties of the operator and the environment dynamics. Some recent works addressing this issue can be found in [8, 9] . Transparency, also called telepresence, means that the teleoperation system should let the operator feel as if he/she is interacting with the environment directly. In bilateral teleoperation system, the operator and environment are connected by the master-slavenetwork (MSN) in which the communication channel serves an crucial role by exchanging necessary information (position/velocity and force). However, time delay is inevitable in communication channel because of data transmission, e.g. limited network bandwidth, transmitted data coding and decoding, internet/wireless communication, etc. [22] [23] [24] .
Time delay in bilateral teleoperation represents one of the major challenges in the control design for both stability and transparency. It has been indicated that time delay makes the communication channel non-passive, and further causes the bilateral teleoperation system non-passive even unstable [28] . Without proper control strategy, small time delay (e.g. tens of milliseconds) can destabilize the bilateral teleoperation system [29] , thus leading to high risk to the human operator and the environment. A large number of researchers have proposed methods to make a trade-off between stability and transparency as reported in literature [30] [31] [32] [33] [34] . The wave variable transformation (WVT) structure was first proposed in [29] to systematically handle the instability issue caused by constant time delay in bilateral teleoperation system. However, the poor tracking performance of WVT structure is observed which is due to the conservative condition of the wave variables construction. The degraded tracking performance limits the application of WVT structure, thus motivates many researchers to propose new structure to improve the tracking performance.
In [35] and [36] , two modified wave variable structures have been proposed, and the performances have been enhanced by reducing the influence of the bias terms in traditional force and velocity/position tracking of WVT. But the tracking performances are not satisfactory since they still suffer from bias terms which involve master/slave velocity/force information and wave impedance b. In [37] and [38] , different augmented wave variable structures are designed to improve the tracking performance of WVT by introducing augmented wave variable terms. Yet, the improvement is limited since for each single structure only one tracking performance (either force or velocity/position) can be improved but not both. In [39] , a wave variable based structure is proposed to provide stable tracking performance, energy reservoir based regulators are designed to guarantee the passivity of the system. However, further analysis of the passivity and transparency of the proposed method is not provided which may not achieved stable and improved tracking performance when the energy reservoir based regulator is not properly defined. In our previous study [43] , a novel wave based structure is designed to achieve enhanced tracking performance, in which a Kalman filter based predictor is utilized to predict the backward wave variable at the master side, thus single time delayed position tracking and even smaller force tracking performance can be obtained thanks to the predictor used in the structure. Still, comprehensive analysis of the role of the energy reservoir based regulator is not provided and only simulation studies were conducted. More complete literature survey can be found in [40] [41] [42] for further reading.
In this paper, a new wave variable compensation (WVC) bilateral teleoperation structure has been proposed for robotic-assisted surgery applications based on our previous works [26, 43] . The performance of the proposed approach has been verified through both simulation and experimental studies. The novelties of this work mainly lie in: (1) enhanced tracking performance and therefore system transparency is achieved, and the improvements of velocity/position and force tracking are quantitatively analyzed; (2) energy reservoir based regulators are used to guarantee the passivity of the proposed structure, the role of energy reservoir based regulators is investigated in depth through both simulation and experimental studies for the first time in literature; (3) for certain operations such as microsurgery where scaled tracking is needed, a scaled WVC structure is developed with passivity and transparency conditions explicitly defined; (4) performance comparisons with several recent major modified wave variable structures are provided through simulation studies.
The rest of this paper is organized as: in Section 2, the fundamentals of WVT structure is introduced; in Section 3 the new wave variable compensation (WVC) structure is introduced; passivity and transparency analysis of the proposed scaled WVC approach is conducted in Section 4; in Section 5, simulation and experimental studies are performed to verify the performance of proposed WVC and scaled WVC approach. The last section of this paper summarizes the presented work and give some conclusions.
Fundamentals of Wave Variable Structure
From energy point of view, the WVT approach is proposed based on passivity theory in [29] to stabilize the communication channel with time delay, in which, the transmitted information between master and slave are wave variables which are constructed from the force and velocity information. Fig. 1 illustrates the WVT structure and Fig. 2 shows an equivalent structure of the WVT.
The forward and the backward wave variables u m and v s are constructed as in wave transformation block of Figs. 1 and 2:
where f md andẋ sd denote the reflected force from the slave to the master and the desired velocity of the slave respectively, f s andẋ m represent the interaction force of the slave with the environment and the master command velocity respectively. b is the wave impedance parameter without unit which allows the designer to make trade-off between mass and stiffness properties of the teleoperation system [44] . Accordingly, the wave variables u s and v m can also be obtained as:
Assume that the communication time delay T between the master and slave is constant, then the relationship of the wave variables can be described as: From Eqs. 1 -4, the force and velocity information from both master and slave sides can be derived in the form of wave variables as:
The passivity of the WVT is guaranteed by calculating the energy entered into the 2-port communication system using Eqs. 7-10 as [29] :
From Eqs. 11, it can be seen that there is always positive energy flowing into the communication channel. Moreover, the positiveness of energy entered into the system is not affected by the time delay T , which indicates that the WVT structure can theoretically tolerate arbitrary time delay. The tracking performance of the WVT can be obtained from Eqs. 5-10 as:
From Eqs. 12 and 13, it is clear that although WVT approach can guarantee passivity of the teleoperation system its velocity/position and force tracking performances are biased. Wave impedance b can be used to tune the tracking performance. However, the two desired tracking performances (force and velocity/position) are always conflicting as increasing one would degrade the other as seen in Eqs. 12 and 13.
Wave Variable Compensation (WVC) Structure

Structure Design
In view of the poor tracking performance of the WVT structure caused by the two bias terms from equation (12) and (13) , in this section a new wave variable based structure is proposed suppress the bias terms by introducing two wave variable compensation terms such that tracking performances can be considerably improved.
In the WVT structure, the received wave variable v m and u s at both sides can be rewritten from Eqs. 7 and 10 as:
In bilateral teleoperation without time delay, the ideal tracking performance prefers that the slave robot follows the motion of master exactly, meanwhile the feedback force on the master side follows faithfully the contact force on the slave side. When time delay exists in communication channel, the "optimal" delayed tracking performance can be naturally defined as:
meaning that the force and motion signals are tracked with only single time delay and the bias terms are removed. In this optimal case, the relationship between constructed wave variables and force, motion as in Eqs. 14 and 15 can be re-written as:
According to Eqs. 8 and 9, f s (t − T ) andẋ m (t − T ) can be represented in form of wave variables as below:
Substituting Eqs. 19 and 20 into Eqs. 17 and 18, it has:
Comparing to the wave variable relationships in conventional WVT as in (5) and (6), it is seen from Eqs. 21 and 22 that if the "optimal" tracking goal is to be satisfied, the received wave variables at the slave side (u s (t)) and the master side (v m (t)) should contain two compensation terms ( u and v) compared with original WVT terms (where u s (t) = u m (t − T ) and v m (t) = v s (t − T )). Following this design philosophy, a new structure with two wave variable compensation terms can be proposed as illustrated in Fig. 3 , where the compensation term
Theoretically, this structure could achieve an "optimal" tracking performance. However, it should be noticed that injecting two wave variable compensation terms may cause the structure non-passive. Fig. 4 shows the WVC structure J Intell Robot Syst Remark 1 Different from the method in [39] , in this proposed method no wave impedance matching is needed and consequently the construction of wave variables (u m , v m , u s , v s ) remains simple and unchanged such that existing predication methods, e.g. [45] , could be easily applied to further improve the system performance.
Passivity Using Energy Reservoir Based Regulators
Energy reservoir based regulator was firstly designed in [46] to modulate the injected energy in the wave variable structure, and later has been explored in [45, 47] . In this work, as compensations are made by adding u (between u s (t) and u m (t −T )) and v (between v m (t) and v s (t −T )), the resulting injected energy eventually flows into the whole system and may potentially destroy the passivity. Since the power can be represented as the product of wave variables [29] , two energy reservoirs can be constructed in this work as:
The two constructed energy reservoirs track the amount of the energy introduced by the two wave variable compensation terms into the slave side (including the slave and the WVT with u m (t −T ) as the input and the v s (t) as the output) as in (23) and the master side (including the master and the WVT with v s (t − T ) as the input and the u m (t) as the output) as in (24) respectively. Assuming that energy reservoirs are not empty during the teleoperation task, the compensation terms can be modified as follows in order to ensure system passivity: The α and β are parameters to regulate the compensation terms, and E m (t) and E s (t) are two defined energy reservoirs located at both master and slave side. Because of the new wave variable compensation terms, extra energy will be injected into the system. Taking the master side for example, during the teleoperation task, the master is usually assumed to perform passively ((E m (t)) ≥ 0). With continuous compensation, the energy reservoir E m (t) may decrease due to the extra energy caused by the compensation term u. When the value of the energy reservoir E m (t) drops to 0, the regulation terms α 1 − e −βE m (t) becomes 0, hence the compensation term v = 0, and the wave variable compensation term is switched off. In this case, the WVC structure becomes the original WVT structure and the passivity of the system is always guaranteed (Fig. 5 ).
Discussions
The regulation terms α 1 − e −βE m (t) and
α 1 − e −βE s (t) determine how much of compensation will be injected into the teleoperation system. In ideal case (E m → ∞, E s → ∞), the regulation terms equal
. However, with the compensated terms, extra energy may be introduced into the system which drains the energy reservoir (E m (t) = 0 or E s (t) = 0) until the compensation is choked off , especially for big time delay bilateral teleoperation system since bigger time delay normally cause more energy induced [29] . 2. A proper selection of the parameters α, β and the initial value of the energy reservoirs (E m (0) and E s (0)) is important for the performance of the WVC structure. Some guidelines are given as follows:
(1) α is a positive parameter to determine the speed of regulation, and 0 < α ≤ 1 . Normally, α is -The initial values for energy reservoir E s (0) and E m (0) should be sufficiently large, otherwise the compensation terms will be easily choked off even at the beginning of the teleoperation task since the regulation margin is too small.
(3) β and the initial energy reservoir values are used in combination for the regulation of the wave variable compensation terms. The choice/tuning of the initial values of the energy reservoirs and β is usually empirical because they are systemdependent and also depends on the teleoperation tasks to be carried out which are difficult (sometime impossible) to predict in advance.
Remark 2 This is the first time that the analysis of energy reservoir based regulator is performed within wave based teleoperation structures. In the previous studies on wave based bilateral teleoperation method, the energy reservoir based regulator are used with the assumption that the master, slave, operator and environment are all passive, which is not possible in practice. The analysis of the energy reservoir based regulator now can provide the guideline for using this technique in future bilateral teleoperation system design. The effect of the parameters in energy reservoir based regulator is also provided in the experimental studies.
Scaled Bilateral Teleoperation with WVC
For many bilateral teleoperation applications, to scale up or down the force and position information can bring benefits to both the operator and the teleoperation tasks. In roboticassisted microsurgery, scaling down robot's motion and scaling up force feedback to the operator are necessary.
With the scaled force and motion, the robot can move slowly and more precisely to avoid unexpected damage to the delicate tissues during the operation and even light interaction with the tissue can be felt by the operator to J Intell Robot Syst In order to achieve scaled performance, two scaling factors k p and k f are used to scale the position/velocity and force information between the master and slave sides. The scaling factors are defined by the human operator with consideration of the specific teleoperation task.
Based on the WVC structure developed in the previous section, a new scaled WVC structure can be designed. In the new scaled WVC structure, two scaling factors k p and k f are located between the master and the communication channel, as shown in Fig. 6 . The master velocityẋ m is scaled by k p such that the scaled velocityẋ m is transmitted to the WVC system. Similarly, the feedback force f md is scaled by k f and the scaled force f md is reflected to the master. In practice, the location of the scaling factors are set on the master console in order to facilitate the surgeon's tuning.
The scaling block shown in Fig. 6 can be considered as a 2-port system E sc (t), through which the scaled signals can be obtained as:
such that the tracking performance as in (16) are re-written as
Stability Analysis
To analyze the proposed scaled WVC structure, the passivity of the scaling block is examined. The energy flowed into the scaling block E sc can be calculated as:
In bilateral teleoperation system, the scaled WVC block can be cascaded with the operator, master, slave and environment as shown in Fig. 7 , where the cascaded operator and master are considered as a 1-port system as enclosed by the dashed line. f md andẋ m represent the input and output of the 1-port system. Usually the operator and the master are assumed to be passive so that it has: Author's personal copy Therefore, the passivity condition to guarantee the passivity of the scaling block can be obtained from Eqs. 30 and 31 as:
The passivity condition (32) of the scaling blocks can be rewritten as:
The condition (33) implies that the scaled WVC will keep passive if the force scale is greater than or equal to the position/velocity scale. In surgical application, especially microsurgeries, this condition is intrinsic and thus can be easily satisfied since the surgeon usually expect the robot to move slowly (K p < 1) and the force to be augmented from safety consideration (K f > 1).
Transparency Analysis
To analyze the transparency of the proposed scaled WVC structure, it is necessary to start with the transparency analysis of bilateral teleoperation without time delay as presented below. Figure 8 provides the schematic of scaled bilateral teleoperation system, in which the human operator and environment are represented with the impedance Z h (Z h = F h /Ẋ h ) and Z e (Z e = F e /Ẋ s ). The operator manipulates the master and sends the velocityẋ m modified by the position/velocity scaling factor k p . The scaled velocity informationẋ m is transmitted through the communication and drives the slave robot to contact the environment at the desired velocityẋ sd . Similarly, the feedback force f md is scaled by the force scaling factor k f , and the scaled force f md is felt by the human operator. Note that the scaling factors k p and k f can also be placed between the communication channel and the slave.
Transparency of Scaled Bilateral Teleoperation Without Delay
Assuming that the operator is holding the master device to move and can felt the immediate force feedback f md , the impedance felt by the operator Z f elt can be derived as:
and it should be noted that Z f elt = Z h . In ideal case (no time delay and no losses in master and slave system due to friction and compliance), it has:
then the felt impedance Z f elt can be rewritten as:
In a transparent bilateral teleoperation system, the impedance felt by the operator should be as close as the environment impedance [44] . To provide perfect transparency to the operator in the scaled bilateral teleoperation, the scaling factors should satisfy the following condition:
Transparency of Scaled WVC Structure
In the scaled bilateral teleoperation system with presence of time delay, the felt impedance by the operator is still calculated as:
From Eq. 29, it has such that Z f elt can be further written as:
It is seen that the reflected/felt impedance Z f elt has amplitude change by k p k v and phase shift by −2T ω from the real environment impedance Z e .
To maximize the impedance match (transparency), it needs to minimize both the amplitude and phase changes. If k p k v = 1, then Z f elt = Z e −2T ω and it guarantees that the felt impedance has the same amplitude as the real impedance Z e . With k p k v = 1 satisfied, the phase change −2T ω is better explained in time domain and means that the operator feels the true remote impedance with a delay time of 2T . This delay is system-specific and is not affected by the interaction frequencies involved.
Therefore, the maximized transparency of our scaled bilateral teleoperation system can be obtained if the predefined scale parameters satisfy
Based on the analysis above, the scaled WVC structure facilitates the robotic-assisted microsurgery if both passivity and transparency conditions Eqs. 33 and 42 are satisfied.
Remark 3 For traditional WVT structure, it is difficult to quantitatively evaluate the system transparency and furthermore to derive the maximal transparency condition. In this work, the stability and transparency of the proposed WVC structure are analyzed in details which is not well addressed in many works including [39] .
Simulation and Experimental Studies
Time Delay Investigation in OR set up
Before starting the simulation and experimental studies, it is necessary to identify the time delay that exist in teleoperation of robotic-assisted surgery (RAS). In this work, the application of miniaturized surgical robotic system is considered [25] , where time delay is often caused by replacing the physical communication cables with wireless data transmission and hence inevitably leads to considerable communication delay. In fact, driven by the needs for enhanced cosmetic benefits and reduced morbidity risks associated with multiple incisions, RAS has evolved from robotic minimally invasive surgery (RMIS) to single-port laparoscopy (SPL) and then to natural orifice transluminal endoscopic surgery (NOTES). Robotic intervention and diagnosis techniques with less or even no physical cables/wires are foreseen as future trends of RAS.
In our previous study of miniaturized surgical robot system [26] , the Zigbee protocal has been chosen among Wi-Fi and Bluetooth wireless communication protocals for data transmission between master console and the miniaturized slave robot due to its advantages in terms of size, power consumption, latency, robust performance and tolerance to environment interference, etc. Considering specialized OR(operation room) for transplants may require 750-800 sq ft (70-75 m2) [27] , and all devices located inside OR may be potential interference sources, experiments have been carried out under different operating room (OR) set-ups:
Group 1: Two Zigbee communication boards were located close (with distance of 10cm); Group 2: Two Zigbee communication boards were located close (with distance of 10cm) but with mobile phone between two boards which was in call; Group 3: Two Zigbee communication boards were located with distance of 8 meters; Group 4: Two Zigbee communication boards were located with distance of 6 meters and with obstacle between two boards.
In the communication experiments, UDP packets containing 32 bytes data were transferred between the two boards, and RTT (Round Trip Time) was recorded. The RTT experimental setup is shown in Fig. 9a , and it can be observed in Fig. 9b that the RTT caused by Zigbee communication is almost constant to 135ms with less than 1 ms variation. This experimental investigation justifies the constant time delay hypothesis for at least certain robotic surgery applications and also provides the basis for the following simulation and experimental studies.
Simulation Studies and Analysis
In order to validate the efficiency of the WVC and scaled WVC approach, simulation studies have been carried out based on a system as shown in Fig. 10 . Here, without loss of generality, only one DoF is considered since both master and slave dynamics could be linearized through inverse inverse dynamics calculation even if they might be nonlinear. A mass-damper system is used to model both master device and slave robot with the the dynamics as follows:
where M m and M s describe the inertia's of the master and slave, and B m and B s are the damping coefficients. f h denotes the force of the operator exerted during the teleoperation which is designed to follow a sinusoidal form as f h (t) = sin (ωt) in this study; f md is the feedback force at the master side; f s represents the force of the slave robot generated from controller; f s is the contact force between the slave robot and environment. In order to better model the environment, the Kelvin-Boltzmann (K-B) model [48] is used to mimic the soft tissue considering the accuracy of robot-tissue interaction, as shown in Fig. 11 . Detailed parameters used for the simulation studies are provided in Table 1 . The single-trip time delay T used in simulation studies is set to 200ms.
In this simulation study, the performances of teleoperation systems with direct force feedback and WVT structures are compared with those of the new WVC and scaled WVC structure that we propose in this work to illustrate the performance improvements. Also, in order to justify the advantage of the proposed structures, simulation studies based on several representative wave based methods in literature are carried out for comparison purpose.
Direct Force Feedback Structure
The first simulation is conducted with the direct force feedback bilateral teleoperation system (in this structure, force and velocity signals are exchanged directly through the communication channel), the illustration of the system is shown in the Fig. 10 . In this simulation study, the delayed communication is used to connect the master and slave system. The master velocityẋ m and desired slave velocityẋ sd , the contact force at slave side f s as well as feedback force at the master side f md are recorded. Meanwhile, the energy entered into the communication channel ( t 0 (f md (t)ẋ m (t) − f s (t)ẋ sd (t))dτ ) is also calculated. The simulation result in Fig. 12 shows that the bilateral teleoperation system becomes unstable when time delay is 200ms, and the energy entered into the communication channel is negative, which is consistent with the theoretical analysis that delayed communication channel is non-passive and makes the overall teleoperation system unstable.
WVT Structure
This simulation is conducted with the same configuration in Fig. 10 , but with the WVT structure employed in the communication channel. Different wave impedance values of b lead to different tracking performances but this won't change the main conclusion to be obtained. Given the specific simulation setup, the value of b in this study is set to 40 through trials to better illustrate the tracking performance of WTV.ẋ m ,ẋ sd , f s and f md are recorded in the same way as in previous simulation study, and the energy entered into the communication channel ( t 0 (f md (t)ẋ m (t)− f s (t)ẋ sd (t))dτ ) is also calculated.
From Fig. 13 , it is noticed that stable tracking performance can be obtained, although significant tracking errors exist which is consistent with Eqs. 12 and 13 and caused by the bias terms. The passivity of the WVT [49] structure is always guaranteed, as indicated by the energy stored in the communication channel.
WVC Structure
To analyze the performance of the WVC structure, the velocity and force information on both master and slave sides are recorded. Since the energy reservoir based regulators are used in the WVC structure, E m (t) and E s (t) as defined in (23) and (24) are also provided to analyze the passivity of the system. Meanwhile, E c (t) are defined as the energy stored in the communication channel
The simulation results are provided in Fig. 14. It is observed that the tracking performance of WVC structure in terms of force and velocity are greatly enhanced compared with the WVT structure under the same simulation configurations. The slave robot moves with around single time delayed master motion, and the feedback force at the master side are close to the contact force at the slave side. As seen in Fig. 14, E s (t) and E c (t) in slightly increasing during the teleoperation, while E m (t) decreases with around 0.06J during 40 seconds. The passivity of the system is always guaranteed since that all these energy changes (E s (t), E m (t) and E c (t)) during the teleoperation keep positive.
To better illustrate the tracking performances and verify if the results meet the theoretical expectation as in Eq. 16, the master velocity command and the slave force feedback signals have been shifted by one single trip time (200ms) and the compared with the slave velocity and master perceived force signals as shown in Fig. 15 , where the shifted tracking errors are also plotted. It is seen that the master and slave velocity and force signals overlap closely and the tracking errors are very small after the single trip time shift. This indicates that "optimal" tracking performance in face of constant time delay can be obtained with the proposed WVC structure and is consistent with the theoretical analysis of WVC structure as presented in Section 3.
Comparisons with Other Wave Based Methods
In order to evaluate the performance of proposed WVC structure with respect to the state-of-the-art, we carried out comparative simulation studies with several existing wave based approaches in literature as introduced in [35] [36] [37] and [38] .
In [35] , a modified wave based controller was proposed to improve the force tracking and position tracking compared with WVT structure. An additional wave impedance α is implemented in the controller, thus changes the wave transformation of the traditional WVT structure. Passivity of the proposed approach can be retained if b and α are properly selected. In the simulation study of [35] , b=α= 40 are chosen and its tracking performance can be seen in Fig. 16 . It is observed that force tracking performance is improved but the slave velocity tracking still has significant overshoot. Both force and velocity cannot achieve single trip time (200ms) delayed tracking performance.
In order to reduce wave reflection when operating in unknown environment, [36] proposed a new wave based teleoperator, which changed the way of wave transformation from traditional WVT structure. The velocity tracking of this approach can be improved in cases of time invariant or slowly time varying contact force on the slave side. A simulation study is carried out for this wave based teleoperator. In order to guarantee the passivity of this method, a big wave impedance b is selected as 600. As shown in Fig. 17 , the velocity tracking is improved, as the slave robot follows quite well the velocity of the master, however the feedback force is degraded.
In [37] and [38] , two different augmented wave based teleoperation structures were proposed, aiming at improving the force tracking and velocity tracking performance respectively. Additional wave variable terms were utilized in the augmented wave based method. Simulation studies are conducted to evaluate the performances of the two augmented wave based teleoperation structures. The tracking performance are presented in Figs. 18 and 19 , and it is noticed that only velocity or force tracking can be improved to achieve around single trip time delayed tracking performance but not both at the same time.
Remark 4
Through comparative simulation studies with existing wave based teleoperation approaches, it is clearly J Intell Robot Syst shown that previous methods can only provide compromised tracking performance. In contrast, for the WVC approach proposed in this paper, with proper selection of control parameters, superior velocity and force tracking can be obtained at the same time. A comprehensive comparison of the wave based methods studied in this section is provided in Table 2 .
Scaled WVC Structure
Similar setup as in 5.2.3 for WVC structure is used for the simulation study of scaled WVC structure. Following the passivity condition in Eq. 33 and transparency condition in Eq. 42 (k f ≥ k p and k f k p = 1), two simulation studies are performed with scaling factors pre-defined as:
1. k f = 2 and k p = 0.5 .
2. k f = 20 and k p = 0.05 . Figures 20 and 21 show the simulation results of the two studies with different scales. From the simulation results, it is first noticed that stable force and position tracking performances can be achieved. To present the scaled tracking performance more clearly,ẋ sd (t) k p and f md (t) k f are also calculated and illustrated, as shown in the simulation results where it's seen that the scaled back performances are very close toẋ m and f s with slight time delay (roughly one single trip time) which supports the theoretical analysis of the scaled WVC structure in terms of passivity and transparency derived in Section 4.
Experimental Studies and Analysis
In order to further validate the developed WVC and scaled WVC structures in practice, experimental evaluations were carried out using two Omega 7 devices (Force Dimension, Switzerland): one as a master and the other as a slave as shown in Fig. 22 . An ATI Nano 17 F/T force sensor ( ATI Industrial Automation, United States) is attached to the slave tip to measure the contact force during experiments. The two Omega 7 devices are physically connected by Ethernet but with time delay intendedly set to 200ms to quantitatively evaluate the tracking performance. For the contact experiment, a two-layer synthetic phantom is used to mimic the human tissue [57, 58] , which is made by extra soft PVC (80% soft PVC + 20% softener) and mediumdensity PVC (70% soft + 30% hard PVC). The master is running under Mac OS and the slave robot is running under Linux Ubuntu 12.04. The working frequency of the system is 1kHz. Direct force feedback experiment is not carried out due to safety consideration since from the simulation studies it is already shown that even with 200ms time delay in communication channel the system becomes unstable easily. In the experimental studies, only WVT, WVC and scaled WVC structures are implemented and evaluated. A brief diagram of the experimental setup is presented in Fig. 23 .
Remark 5
Since the simulation comparisons have been performed to compare the proposed WVC and other wave based approaches, in this experimental studies we only evaluate the performances of WVT and WVC as well as scaled WVC structures in bilateral teleoperation tasks.
WVT Structure
In the experiments with WVT structure, the wave impedance b is set to 0.1 in free motion and 1.2 in contact phantom experiment 1 . The velocity and the force tracking performances are illustrated in Fig. 24 (free motion) and 25 (in contact).
It is clear from the illustrated experimental results that WVT structure can provide stable tracking performance in both experiments. However, significant fluctuation of the feedback force at the master side is noticeable even in free motion.
It is seen from Figs. 24 and 25 that stable tracking performances were achieved with WVT structure under time delay in communication channel in both free motion and contact experiments. From Fig. 24 , it is noted that even for free motion there exists slight feedback force from the slave side, which is mainly caused by the bias terms in the force tracking of the WVT structure as seen in (13) . And the velocity and position trackings show notable vibrations. When contact with environment, significant mismatches between master and slave in terms of velocity/position and force trackings are observed, which again reflects the fact that the bias terms as in conventional WVT structure lead to poor tracking performances.
WVC Structure
In this experiment study, the two parameters of energy reservoir α and β are set to 1, and the initial values of both energy reservoirs are set to 500J .
The free motion experiment is conducted first, and the velocity and force tracking performances are recorded and shown in the Fig. 26 . With the same setup, a contact experiment is performed to move the slave robot from free space into contact with the phantom. The tracking performances of this experiment are provided in Fig. 27 . It can be seen that the tracking performances are stable and the slave robot tracks well the master's motion with slight time delay. The same is observed for the feedback force at the master side and the contact force of slave. 
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and v s (t)
Modified wave variable (MWV) base controller [35] Different from the wave variable construction in WVT, the MWV approach changes the wave variable transformation by adding wave impedance α, thus the wave variables transmitted between master and slave have been changed as:
Passivity is achieved by properly selecting b and α
New wave based teleoperator [36] In order to reduce the wave reflection and effect of environment, a new wave based teleoperator is designed with new outgoing wave variables as:u
Augmented wave variable with enhanced force feedback [37] To improved the feedback force to the master, the augmented wave variable approach uses a wave variable terms at the master side, the wave variables u m and v s keeps the same as the WVT, but the received wave variables at the master side changes to: v
≈ f s (t − T ) Passivity of the system can be guaranteed by tuning the λ of the low-pass filter Augmented wave variable with improved position tracking [38] Similar as in [37] , but with wave variable terms at the slave side to improve the position tracking performance, thus the received wave variable at the slave side can be changed as: u
Passivity of the system can be guaranteed by tuning the λ of the low-pass filter In order to quantitatively evaluate the tracking performances, the root mean square error (RMSE) of the velocity and the force tracking for both free motion and in contact experiments of WVC and conventional WVT as in 5.3.1 are calculated as
The results of RMSE of the velocity and force tracking performances are given in Table 3 . Compared with the WVT structure, the proposed WVC structure has reduced the RMSE of velocity and force trackings by 76.7% (velocity tracking in free motion),88.9% (position tracking in free motion), 91.1% (force tracking in free motion), 32.4% (velocity tracking in contact), 85.5%(position tracking in contact) and 93.8% (force tracking in contact) respectively. It is clear that the force tracking performances of the proposed WVC structure are far better than WVT structure; and the velocity and position tracking performances are also improved.
Remark 6
In real MIS implementation, the acceptable operation error is always task-specific and therefore varies according to different operations: e.g. for suturing task in beating heart mitral valve surgery, the mean error is 8 ± 5mm [51] ; for Unicondylar Knee Arthroplasty (UKA), the allowed tolerance is 2mm for position error [52] ; while for thoracolumbar spine surgery, the pedicle screw placement has 1 mm translational margin of error [53] . Since force feedback has not been conducted in previous medical interventions, to the knowledge of the authors, there exists no study on acceptable force error for real MIS operation yet. In any sense, the operation errors are expected to be as low as possible. It should also be noted these results given in Table 3 may not present quantitative guidance to real implementations because of different system set-ups (e.g. operation constraints, tool lengths, etc.), but they do show qualitative indication on the advantage of our proposed WVC structure in practice.
Scaled WVC Structure
In the scaled WVC experiment, the master position command is scaled by k p before sending to the slave and the force feedback information from the slave side is scaled by J Intell Robot Syst Fig. 24 Tracking performance of the WVT structure in free motion k f before rendering to the master. The experiments for both "free motion" and "in contact" situations run for 30 seconds with motion scale k p and force scale k f set to k p = 0.5 and k f = 2.0 respectively (which meets the passivity and transparency conditions as derived from Eqs. 33 and 42).
Free motion:
The velocity and force tracking performance are recorded and shown in Fig. 28 . The slave velocityẋ sd is scaled down by a factor k p . The master desired force is scaled up with the scaling factor k f , however, the scaled force tracking performance is hard to judge because the slave is moving in free space and the force sensor detects no contact force but only part of its own inertia and measurement noises.
In contact:
The operator moves the master and the slave robot follows the motion of the master to contact the phantom from free space for two times. The scaled and unscaled velocity and force tracking performances are provided in Fig. 29 .
The statistic results of the achieved scales between master and slave's motion (velocity, position) and force during the 30 seconds' experiment duration are provided in Table 4 . For each data set of the total 30000 samples (30 × 1k), the motion and force scales are calculated and recorded respectively. Their average values are calculated as arithmetic mean of the recorded samples and the standard deviations are calculated based on the arithmetic mean 
Discussions on Energy Reservoir Based Regulator
In the proposed WVC structure, there are three parameters of the energy reservoir that affect the system performance: α, β and its initial value. In the experimental studies, it is chosen that α = 1.0, β = 1.0. According to the experimental tests, the major factor that affects the performance of WVC structure appears to be the initial value of the energy reservoirs (E m (0), E s (0)). In order to verify the influence of initial energy reservoir value on the WVC structure, two experiments in free motion have been performed to to simplify the situation and avoid potential disturbances of uncertainties when in contact with the environment. The first free motion experiment is performed with the initial energy reservoir value of 50J , the velocity and force tracking performance are recorded as in Fig. 30 , and the according energy stored in the energy reservoirs is also provided in Fig. 31 .
The second free motion experiment is performed with the initial energy reservoir value as 500J , the velocity and force tracking performance are recorded in the Fig. 32 , and the energy stored in the energy reservoirs is provided in Fig. 33 .
From Fig. 30 for the first experiment, it is noted that the force feedback to the master rose rapidly at around 26s up to +6N and then dropped down to -8N. In Fig. 31 , it can be Fig. 31 Energy stored in the reservoirs of the WVC structure in free motion (energy reservoir 50J ) Fig. 32 Tracking performance of the WVC structure in free motion (energy reservoir 500J ) seen that it corresponds to the sudden drop (close to 0) of stored energy in the energy reservoir on the slave side during the experiment.
With initial value of the energy reservoir increases to 500J as in the second experiment, enhanced feedback force and velocity tracking can be obtained as in Fig. 32 where all tracking performances are faithful and stable, and the energy stored in reservoirs shows no significant changes as seen in Fig. 33 . It is observed that with the increased initial value of energy reservoir better tracking performance can be obtained, especially in term of smoothness. Also, it is interesting to see that with increased initial energy in the reservoirs, the system always remain stable (E s , E m > 0). And even in cases of temporary drops in the stored energy, passivity can be retained as the stored energy is far from becoming negative and therefore the tolerance range for disturbances is increased.
On the contrary, the system can easily become unstable with lower initial energy reservoir in the first experiment because of non-passive behavior or too much wave variable compensation introduced into the bilateral teleoperation system at the beginning as lower initial energy leaves lower tolerance margin for disturbances, even if they are temporary.
Remark 7
The experimental studies were carried out along one axis. It is true that in surgical operations multiple DoFs are always needed for surgical tools' movement, Fig. 33 Energy stored in the reservoirs of the WVC structure in free motion (energy reservoir 500J ) but this is not necessarily the case for force reflection or interaction feedback with the environment (human tissue). From technical point of view, the motion control for each DoF of surgical robot can be separated from the other DoFs because of the fact that system set-up is usually well constructed and there is adequate preoperative calibration time to obtain system kinematic and dynamic parameters with high enough accuracy to carry out inverse kinematics calculation or dynamics decoupling online without sacrificing motion control precision. Also, decentralized or decoupled motion control allows to predefine control performance specifications especially for transient performance, which is extremely important for surgery safety. Therefore, we have evaluated our proposed haptic teleoperation method in 1-D, which appears to be also the common evaluation practice in bilateral teleoperation literature [39, [54] [55] [56] etc.
Conclusion
The classic wave variable transformation (WVT) is able to passiviate the communication channel with time delay in bilateral teleoperation, but can only provide biased tracking performance which are not sufficient for teleoperation tasks with high requirement due to its conservative nature. Driven by the need of higher transparency, a less conservative method is proposed in this work, named wave variable compensation (WVC) structure. The tracking performance of the WVC is improved by introducing wave variable compensation terms, with consideration of the passivity of the master and slave sides (including operator and environment). The passivity of the whole system is guaranteed by using energy reservoir based regulators. Further analysis of the energy reservoir based regulator in WVC is performed. To facilitate roboticassisted surgery, scaled position/velocity and force tracking performance are also considered based on WVC structure. Through the passivity and transparency analysis, two conditions are derived to guarantee satisfactory scaled tracking performance. Both simulation and experimental studies have been carried out to verify the efficiency of the proposed WVC and scaled WVC approaches, and consistent conclusions are drawn based on the simulation and experiment results. Quantitative analysis of the experimental studies are provided to verify that enhanced tracking performance can be achieved to facilitate the bilateral teleoperation tasks, especially with high tracking performance requirements. The detailed analysis of energy reservoir based regulator is expected to benefit the utilization of such methods in later teleoperation applications. Future research may include integrating wave predictor approaches with the developed WVC structure to further improve velocity/position and force tracking performances, carrying out experimental evaluations with haptic feedback from multiple axes, and extending this work to handle asymmetric time-varying communication delay.
